There is an immediate need for identification of new antifungal targets in opportunistic pathogenic fungi like Candida albicans. In the past, efforts have focused on synthesis of chitin and glucan, which confer mechanical strength and rigidity upon the cell wall. This paper describes the molecular analysis of CaMNT1, a gene involved in synthesis of mannoproteins, the third major class of macromolecule found in the cell wall. CaMNT1 encodes an ␣-1,2-mannosyl transferase, which adds the second mannose residue in a tri-mannose oligosaccharide structure which represents O-linked mannan in C. albicans. The deduced amino acid sequence suggests that CaMnt1p is a type II membrane protein residing in a medial Golgi compartment. The absence of CaMnt1p reduced the ability of C. albicans cells to adhere to each other, to human buccal epithelial cells, and to rat vaginal epithelial cells. Both heterozygous and homozygous Camnt1 null mutants of C. albicans showed strong attenuation of virulence in guinea pig and mouse models of systemic candidosis, which, in guinea pigs, could be attributed to a decreased ability to reach and͞or adhere internal organs. Therefore, correct CaMnt1p-mediated O-linked mannosylation of proteins is critical for adhesion and virulence of C. albicans.
Candida albicans is an opportunistic fungal pathogen of humans that has been increasingly found to cause systemic infections in immuno-compromised patients (1) . The efficacy of the limited number of antifungals that are available to treat these patients is further reduced owing to the increased incidence of drug resistance (2) . Hence, there is an urgent need to identify new antifungal targets and compounds that inactivate them. Fungi are protected from various environmental stresses including potentially fungicidal compounds by their cell wall. Chitin, glucan, and mannan are the three main macromolecules in the cell wall of Saccharomyces cerevisiae and C. albicans (3) . Of these, chitin and glucan provide the cell wall with its strength and rigidity and allow it to maintain shape despite disruptive forces like turgor and mechanical shearing (4) . In addition these compounds seem to be absent from mammalian cells, and hence there has been great interest in the exploitation of their synthetic machinery as an antifungal target (5, 6) .
The potential of mannan synthesis as an antifungal target has received less attention. Mannan consists of a large number of various hyper-mannosylated proteins (7) that are deposited mainly at the outside of the cell wall thereby covering the surface with a layer, protecting internal regions of the cell wall from large molecules like proteases (8) . Many critical aspects of the interaction between the fungus and the host, such as adhesion, immuno-surveillance, and immuno-modulation, are mediated by host recognition and interaction with this mannan-rich surface of the cell wall (7, 9) . Therefore, disturbance of the mannosylation process is likely to have a broad range of damaging effects on the fungus and its interaction with the host, as many mannoproteins involved in pathogenesis, including excreted virulence determinants, are likely to be affected.
Mannosylation of proteins can be subdivided into N (asparagine)-linked and O (serine͞threonine)-linked glycosylation. Nlinked glycosylation involves the addition of large oligosaccharides to the protein, and its importance is reflected by the conservation of the core structure in both fungi and mammalian cells (10) . However, this functional conservation makes Nglycosylation a less specific and thereby less attractive antifungal target. O-linked glycosylation is fundamentally different in fungi and mammalian cells. Short chains of mannose are added in fungi (11) , whereas mannosylated serine and͞or threonine residues are rare in mammalian glycoproteins (12) . In S. cerevisiae, O-linked oligosaccharides are up to five mannose residues long (13) , and a number of genes have been shown to be involved in their synthesis. Attachment of the first mannose to the protein in the endoplasmic reticulum (ER) is mediated by Pmt proteins and has been shown to be an essential process in yeast (14) . Addition of the second and third mannose residues can be attributed to Ktr3p and Mnt1p (15, 16) , which are likely to be ␣-1,2-mannosyl transferases residing in a medial Golgi compartment (16, 17) . Transfer of the terminal ␣-1,3-mannose residues is mediated by Mnn1p in a medial Golgi compartment (18, 19) .
Absence of Mnt1p in S. cerevisiae resulted in the synthesis of truncated O-linked oligosaccharides. This interfered with the functioning and͞or synthesis of cell wall compounds as indicated by the killer toxin K1-resistant phenotype of these strains (13, 20) . MNT1 is a member of a gene family of nine putative mannosyl transferases (21) of which YUR1 KTR1 KTR3 and KTR3 have been analyzed further. Ktr1p, Ktr3p, and Kre2p͞Mnt1p have overlapping roles in the collective addition of the second and third ␣-1,2-linked mannose residues of O-linked mannan (16) , whereas YUR1 and KTR2 are not thought to be involved in O-glycosylation (22, 23) . In addition, MNN6 is a member of the MNT1 family and is involved in mannophosphate transfer to N-linked oligosaccharides containing one or more ␣-1,2-linked mannobiose units (24) . We set out to identify a similar gene family in C. albicans and assess its potential as an antifungal target. This report describes the characterization of CaMNT1, a member of this gene family in C. albicans, and the biochemical analysis of its function in vivo. We show that cells lacking CaMnt1p have a reduced ability to adhere to human buccal epithelial cells and to colonize epithelial cells in rat vaginal models of candidosis. In systemic animal models of candidosis, absence of CaMnt1p leads to decreased virulence both in mice and guinea pigs. Therefore, although CaMnt1p is not essential for viability, Mnt1p-mediated O-glycosylation of proteins of C. albicans is essential for normal host-fungus interactions.
MATERIALS AND METHODS
Strains, Media, and Growth Conditions. The following strains of C. albicans, except SGY243, were derived from strain SC5314: SGY243 (⌬ura3::ADE2/⌬ura3::ADE2) (25), SC5314 (clinical systemic isolate) (26) , CAF2 (UR A3/⌬ura3:: imm434) (27), CAI4 (⌬ura3::imm434/⌬ura3::imm434) (27) , NGY21 (⌬ura3::imm434/⌬ura3::imm434 MNT1/ ⌬mnt1::hisG-UR A3-hisG), NGY22 (⌬ura3::imm434/ ⌬ura3::imm434 MNT1/⌬mnt1::hisG), NGY22A as NGY22 but with the other MNT1 allele disrupted, NGY23 (⌬ura3::imm434/⌬ura3::imm434 ⌬mnt1::hisG-URA3-hisG/ ⌬mnt1::hisG), and NGY24 (⌬ura3::imm434/⌬ura3::imm434 ⌬mnt1::hisG/⌬mnt1hisG). Media (28) and conditions to induce germ tube growth (29) (30) (31) were standard as was the adherence assay (32) . Escherichia coli XL1-Blue (Stratagene) was used in cloning experiments.
Cloning and Sequencing of CaMNT1. Chromosomal DNA of C. albicans SGY243 was digested with EcoRI, and sizefractionated fragments of 2 kb were cloned in pUC18 (Stratagene). Colony hybridizations using a 1.9-kb EcoRI fragment encoding the ScMNT1 gene (15) as a probe resulted in isolation of pNG41, which was sequenced using the USB version 2 Sequenase kit (Amersham). To obtain the remaining part of CaMNT1, inverse PCR was used (33) . Templates were prepared by digesting genomic DNA of C. albicans CAI4 with either EcoRI at position 452 (to obtain the distal part of the gene) or PstI at position 1074 (to obtain the proximal part), and circularized at 3 g͞l. The use of primers p1 (5Ј-CTCCAATAGTAATCATAATCG-3Ј, position 701-681) and p2 (5Ј-ATAATGGTTGTCATTTCT-3Ј, position 924-943) resulted in a single 2-kb fragment encoding the distal, conserved part of CaMNT1, the sequence of which was identical to that of the clone. Owing to restriction fragment length polymorphism (data not shown), amplification of the possibly more variable, proximal region resulted in two products, a major product of 2.0 kb and a minor product of 2.4 kb. The resulting nucleotide sequence can therefore confidently be ascribed to one particular copy of CaMNT1. PCR products were sequenced using the SequiTherm Cycle Sequencing kit (Epicentre Technologies, Cambio, Cambridge).
Disruption of CaMNT1. A 0.5-kb EcoRI-HindIII CaMNT1 fragment representing the C terminus of the predicted protein was cloned in pSK (Stratagene) to yield plasmid pBsub3. Plasmid pMB7 (27) was digested with BglII, and the overhangs were blunt-ended using Klenow. Subsequently, the hisG-URA3-hisG cassette was excised by digestion with HindIII and inserted in HindIII plus HincII-digested pBsub3 yielding plasmid pCW. A 1.4-kb fragment containing the distal region of CaMNT1 was amplified using PCR and plasmid pNG41 as a template with the pUC forward primer and CaMNT1 specific primer p3 (5Ј-GTGATGCTCGAGTTCATTCCATTGC-3Ј, position 1045-1072). The product was digested with XhoI and KpnI and cloned into pCW to yield plasmid pJW. Both alleles of CaMNT1 in C. albicans CAI4 were disrupted by twice transforming with PvuII-digested pJW (35) and subsequently regenerating the ura Ϫ derivative using f luoroorotic acid (FOA) (27) . The resulting strains contained alleles with a 69-base deletion in the catalytic domain and an insertion at this site of either the hisG-Ura3-hisG cassette or, after FOAselection, a resolved single copy of hisG.
Southern and Northern Blot Analyses. Chromosomal DNA of C. albicans was isolated as described by Philippsen et al. (36) . Conditions for Southern and Northern blot analyses have been described previously (37) . For heterologous hybridization of chromosomal DNA of C. albicans with the ScMNT1 gene, the formamide concentration was lowered to 30%, and washes were performed with 2 ϫ SSC, 1% SDS at 53°C.
Analyses of in Vitro and in Vivo Mannosylation. Mannan was isolated as described by Ballou (18) . Reductive ␤-elimination using [ 3 H]NaBH 4 , purification, and Biogel-P4 chromatography were performed as described by Ferguson (38) . Labeling of mannan using [ 3 H]mannose, ␤-elimination, digestions using mannosidases, purification steps, high-performance thin-layer chromatography (HPTLC), and mannosyl transferases assays have been described previously (13) .
Vaginal and Systemic Models of Candidosis. In rat models of vaginal candidosis, groups of six young adult female Wistar rats (200 g) were pretreated by surgical removal of their ovaries and uterus and by subcutaneous injection of oestradiol undecylate to induce a state of pseudoestrus. Pseudoestrus was sustained by further subcutaneous injections after the animals were infected intravaginally with a suspension of C. albicans. At various time points, the vaginas of two randomly chosen animals were sampled with a swab that was thoroughly stirred in saline, after which serial dilutions of the suspensions were plated on Sabouraud glucose agar and incubated for 48 h at 37°C. Guinea pig and mouse models of candidosis have been described previously (39) . The identity of rescued C. albicans cells was checked by fingerprinting of whole fungal cell DNA with the moderately repeated sequence Ca3 (40) .
RESULTS
Identification of CaMNT1 of C. albicans. Southern blots of various restriction digests of C. albicans DNA were probed with radiolabeled DNA fragments containing the MNT1 gene of S. cerevisiae, and a 2-kb EcoRI fragment was found to hybridize (data not shown). A partial EcoRI library of C. albicans DNA was constructed from which a single hybridizing clone was isolated. The nucleotide sequence of the insert was found to contain 1023 bp of the 3Ј-end of an ORF that was highly homologous to the MNT1 sequence of S. cerevisiae. Inverse PCR was used to obtain the 5Ј-end of the ORF revealing the complete sequence of the CaMNT1 gene (Fig. 1A ) of 1296 bp long, which corresponds to the transcript of 1.6 kb found in Northern analysis (Fig. 1C) . The deduced amino acid sequence was 65% identical and 81% similar to that of Mnt1p of S. cerevisiae, with the highest homology located in the distal 300 amino acid residues where the catalytic domain resides (15) . Hydrophobicity analysis suggested a 12-amino acid cytosolic loop followed by a single short membranespanning region of 16 amino acids flanked by two positively charged residues (Fig. 1B) . This indicates that, like ScMnt1p, CaMnt1p is a type II membrane protein residing in a medial Golgi compartment (17) . Overexpression of CaMnt1p in Pichia pastoris resulted in high mannosyl transferase activities, indicating that CaMNT1 encodes a mannosyl transferase rather than a regulator of expression of mannosyl transferases (L. Thomson, Y. Aoki, S. Yamazaki, E.T.B., and N.A.R.G., unpublished results). CaMNT1 was located on chromosome 3 by hybridization of Southern blots of electrophoretically separated chromosomes of C. albicans with radiolabeled DNA fragments containing part of the gene (B. B. Magee, unpublished observations; W. A. Fonzi, unpublished observation).
Both Northern analysis and in vitro mannosyl transferase activities in microsomal fractions of C. albicans cells grown under various conditions revealed that CaMNT1 was expressed constitutively with somewhat higher levels of transcripts in early midexponential growth phase cells and 30 min after induction of hyphae.
Sequential Disruption of the CaMNT1 Gene. The ''ura-blaster'' technique (25) was used to disrupt both copies of the CaMNT1 gene into the uridine-requiring C. albicans strain CAI4 with disruption plasmid pJW. Chromosomal DNA of transformants was digested with EcoRI and analyzed by Southern hybridization using part of CaMNT1 as a probe. In addition to the 2.0-kb band also observed in the wild type, transformants displayed a 2.8-kb band, confirming disruption of one CaMNT1 allele (Fig. 2) . Following selection on FOA medium, the loss of one copy of hisG and the URA3 gene increased the length of the 2.8-kb band to 3.0 kb (Fig. 2) . The second allele of CaMNT1 was disrupted similarly and led to removal of all CaMNT1 alleles, as confirmed by the absence of CaMNT1 transcript in Northern analysis (Fig. 1C) , indicating that CAI4 is diploid for this locus. Parental strain CAI4 and homozygous Camnt1 disruptant NGY24 displayed similar growth rates in YPD at 30°C (0.25 h Ϫ1 and 0.23 h
Ϫ1
, respectively), similar amounts of biomass in stationary phase, and were fully competent to form germ tubes in 20% serum, Spider medium and in 4 mM N-acetylglucosamine-containing medium.
CaMNT1 Encodes an ␣-1,2-Mannosyl Transferase. To determine whether CaMNT1 encodes a mannosyl transferase, specific mannose transfer rates from GDP-mannose to methyl ␣-Dmannoside were determined in mixed membrane fractions isolated from wild-type strain CAI4 and both the heterozygous and homozygous disruptant strains, NGY22 and NGY24, respectively. NGY24 contained only 25% of the activity observed in CAI4. Activities in NGY22 were intermediate, indicating a gene dosage effect (Table 1) .
It was conceivable that this large reduction of in vitro mannosyl transferase activity was reflected in altered mannan structures. Therefore, total cell wall mannan was isolated from both C. albicans strains, CAI4 and NGY24. The carbohydrate͞protein ratios of both mannan preparations were found to be unchanged at 200 A 495 ͞mg protein. Because 88% of cell wall carbohydrates are N-linked (41), this indicated that absence of CaMnt1p does not lead to severe truncation of the large N-linked oligosaccharides. Therefore, O-linked oligosaccharides were isolated by radioactive, reductive ␤-elimination and separated chromatographically using a Biogel-P4 column. Three peaks were observed in the isolate from CAI4, corresponding to Man 1 (65%), Man 2 (30%), and Man 3 (5%) oligosaccharides (Fig. 3A) . In contrast, O-linked mannan from disruptant strain NGY24 yielded one main peak at Man 1 (95%) and two minor peaks at Man 2 (3%) and Man 3 (2%) (Fig. 3B) . This indicates that CaMnt1p is responsible for adding the second mannose to O-linked oligosaccharides.
To determine the linkage between the first and second mannose residue, mannan from strains CAI4 and NGY24 was isolated that was radiolabeled by incorporation of [ 3 H]mannose. O-linked oligosaccharides were removed by ␤-elimination without reduction and separated by HPTLC (Fig. 4) . Using this (42) . Therefore, the ability of both the wild-type and homozygous disruptant C. albicans strains, CAI4 and NGY24 respectively, to adhere to human buccal epithelial cells was tested. Growth of the fungus in high concentrations of galactose stimulates its adherence (43) and increased the number of CAI4 cells (x Ϯ S.D, n ϭ 3) adhering per epithelial cell 6-fold (from 2.1 Ϯ 0.1 on glucose to 13.9 Ϯ 0.3 on galactose). The ability of NGY24 to adhere when grown in galactose was only 0.7 Ϯ 0.1, 5% of that of CAI4. Cells of NGY24 grown on glucose, adhered at a frequency of 0.5 Ϯ 0.2, 75% reduced compared with that of CAI4 and were quite similar to adhesion of cells of NGY24 when grown on galactose. Virulence Studies in Systemic Animal Models. To test whether CaMnt1p influences virulence in systemic animal models, cells of the prototrophic wild-type, heterozygous, and homozygous disruptant strains, SC5314, NGY21, and NGY23, respectively, were injected intravenously into the lateral tail vein of immuno-competent mice and guinea pigs. At a dosage at which 50% of the guinea pigs died after 6 days owing to infection with 4) prior to chromatography. Mannose, maltose, and raffinose were used as standards for Man1, Man2, and Man3, respectively, and visualized using sulfuric acid in ethanol spray (data not shown). (Fig. 5) .
Similarly, a dosage of cells of SC5314 resulted in death of 50% of the mice after 8 days, but usage of either NGY21 and NGY23 delayed death of 50% of the mice until 14 days. Internal organs were analyzed for colonization by C. albicans. In guinea pigs, it was found that infection with disruptant strains resulted in higher numbers of non-colonized skins, livers, and kidneys ( Table 2 ). The number of C. albicans cells recovered from positive tissues, however, was found to be unchanged. This indicates that attenuated virulence is the result of reduced ability to reach and adhere to various organs. However, once the organ had been successfully colonized, invasion and proliferation was apparently comparable with that observed with cells of the wild-type strain. In mice, at most a very modest increase of non-colonized kidneys was found after infection with disruptants strains, whereas 50% of mice survived. Again, the number of C. albicans cells recovered from positive kidneys had not changed. This is similar to the phenotype of avirulent Cachs3 disruptant strains, which were fully able to colonize kidneys but did not kill the mice (44) .
DISCUSSION
The CaMNT1 gene was isolated and cloned using heterologous hybridization with MNT1 of S. cerevisiae and was therefore expected to yield the functional homologue of this gene in C. albicans. Although the deduced amino acid sequences of CaMnt1p and ScMnt1p are similar and both seem to encode ␣-1,2-mannosyl transferases located in medial Golgi compartments, their roles in synthesis of O-linked glycosylation seem to be distinct. ScMnt1p participates in adding the second and third mannose sugars in the oligosaccharide, whereas CaMnt1p adds the second (Fig. 6) . We cannot at this stage formally exclude the possibility that the CaMnt1p also adds the third mannose sugar to the O-linked mannobiose. However, our data imply that CaMnt1p may not be the true, biochemical homologue of ScMnt1p. The complete sequence of the S. cerevisiae genome has revealed a total of nine members of the ScMNT1 gene family (21) . To date, we have identified at least five members in the Candida MNT1 gene family, which are presently under analysis (E. T. B., C. W., L. Thomson, Y. Aoki, S. Yamazaki, M. Arisawa, and N.A.R.G., unpublished results). The predicted ScKtr1p and ScKtr3p proteins are more homologous to CaMnt1p than ScMnt1p and have recently been shown to be collectively responsible, along with ScMnt1p, for addition of the second and third mannose residues in S. cerevisiae (16) (Fig. 6 ). Although we have no evidence as yet for this high level of redundancy in this glycosylation step in C. albicans, O-linked Man 2 and Man 3 were still detected at 20% of the level present in wild-type cells (Fig.  3B) , and 25% of specific in vitro mannosyl transferase activity was still present in the homozygous disruptant strain (Table 1) . This implies that other mannosyltransferases may contribute to the addition of the second mannose sugar.
Despite this significant residual mannosyl transferase activity in vitro and in vivo, the absence of CaMnt1p led to strong attenuation of virulence, which seems to be caused by a decreased ability to adhere. Absence of CaMnt1p reduced the adhesion of C. albicans to human buccal epithelial cells and to rat vaginal epithelial cells and reduced colonization of endothelial cells of liver and kidney and the skin of guinea pigs. However, as the glycosylation defect will influence virtually all mannoproteins, disruption of CaMNT1 is very likely to have pleiotropic effects. This is illustrated by the decreased virulence in mouse models of systemic candidosis, which could not be attributed to decreased adherence to internal organs. In this case, 50% of mice were alive after 14 days despite 80% of animals having their kidneys fully colonized (Table 2) (1998) of the kidneys seemed normal but progress of the infection and subsequent death was for unknown reasons prevented (44) . Adhesion of C. albicans is thought to be mediated by a number of Candida-host cell recognition systems, each of which may or may not be specific for the type of host cell. Both the protein and carbohydrate moieties of mannoproteins have been implicated in the adhesion of cells to epithelial and endothelial cells (7) . Adhesion and colonization of the Camnt1 null mutant to a number of different host cells (human buccal epithelial cells, rat vaginal cells, cells of liver, skin, and kidney of guinea pigs) was reduced. This suggests that either a single Candida binding protein(s) involved in interactions with all host tissues has been changed or that a spectrum of Candida cell wall proteins, each of which is specific for adhesion to a specific host cell type, must have been influenced. O-linked glycosylation has a profound influence on protein structure, which is mainly the result of interaction between peptide and the first amino acid-linked sugar (45) . Because the Camnt1 disruption results in truncated, but still one mannose long, O-linked oligosaccharides, changes in the overall protein structure are unlikely. In contrast, disruptions in the Pmt-catalyzed addition of the first mannose unit is likely to lead to marked alterations in the tertiary structure of cell wall proteins and hence marked nonspecific pleiotropic effects that are unrelated to specific mannan-host surface interactions. Our results suggest that the O-linked carbohydrate component of cell wall mannoproteins is indeed critically important for the adhesion process and possibly other host recognition phenomena.
A desirable control for gene knock-out experiments is to restore a functional allele in the homozygous null strain. Reintroduction of CaMNT1 would have to be chromosomal to ensure stability under nonselective conditions and at a site different from the native locus, where both level and timing of expression matches that of the wild-type gene during the various stages of an establishing Candida infection. This would require a detailed understanding of the in vitro and, more importantly, in vivo activity of the promoter and the target locus, and further controls would be necessary to ensure that re-introduction did not alter the genetic background in a way that altered virulence. Because both the CaMNT1 promoter and a suitable target locus remain to be analyzed, it is hard to anticipate the virulence properties of a strain resulting from re-introduction of CaMNT1.
Despite disruption of CaMNT1, residual mannosyl transferase activity was present that enabled some mannoproteins to be properly glycosylated, thereby permitting some C. albicans cells to adhere and cause infection inefficiently. To inactivate the remaining mannosyl transferase activity, which could result in an avirulent or perhaps even a nonviable strain, we are currently analyzing other MNT1-like genes in Candida. In other fungi, there is evidence that O-linked mannosylation may also involve Mnt1p homologs (46) (47) (48) (49) . In mammalian cells, however, occurrence of mannose in O-linked oligosaccharides is rare, and in these cases mannose is directly linked to the serine or threonine in the protein (50) . Furthermore, in mammalian cells protein glycosylation occurs in the Golgi and cytosol by transfer of mannose from NDP-mannose (51), whereas in fungi mannose is transferred from dolichol-P-mannose in the ER by Pmt proteins (10) . To date, no mammalian homologs of the MNT1 family have been found. This report presents the first evidence of the importance of these apparently fungal-specific proteins for virulence of C. albicans. If multiple mutations in Candida MNT1-like genes prove to be lethal, these proteins would be seen as potential broad spectrum targets for future generations of antifungal drugs.
